The Int protein specified by bacteriophage X is required for the recombination event (Fig. 1 ). Excisive recombination differs from integrative recombination in its requirement for the product of the X int and xis genes (9-11). Although these general features of site-specific recombination have been known for some time from genetic experiments, the absence of a biochemical analysis has impeded a further understanding of the basis for specificity and the mechanism regulating the direction of the reaction.
Stable lysogeny by bacteriophage X results from two major events: repression of most of the viral functions required for lytic development and the integration of the viral DNA into the host DNA at a specific site (for reviews, see refs. 1, 2) . The insertion of X DNA occurs through a recombination event (3) , catalyzed by a site-specific pathway of genetic recombination (4, 5) (Fig. 1) . Integrative recombination requires the product of the X int gene (6) (7) (8) . Prophage induction involves an overall reversal of the process of lysogeny: release of repression and excision of the viral DNA (Fig. 1) . Excisive recombination differs from integrative recombination in its requirement for the product of the X int and xis genes (9) (10) (11) . Although these general features of site-specific recombination have been known for some time from genetic experiments, the absence of a biochemical analysis has impeded a further understanding of the basis for specificity and the mechanism regulating the direction of the reaction.
The Int protein has been identified radiochemically by acrylamide gel electrophoresis of labeled proteins under denaturing conditions (12, 13). More recently, assays for the complete site-specific recombination reaction in vitro have been described (14) (15) (16) . We have developed a complementary biochemical approach involving a direct DNA-binding assay for Int protein. This assay permits a direct analysis of the role of binding recognition in the specificity of the recombination reaction and also provides a convenient biochemical approach to the study of how site-specific recombination is regulated.
MATERIALS AND METHODS Bacteriophage and Bacteria. The Escherichia coli strains used and their relevant genetic characteristics were: C600 Su+ (suppressor-positive) (17); C600 Su-(suppressor-negative) (18) . The phage point mutations used were: cIts857 (19) , cIaml4 (20) , cII28 (18) , cIIIam611 (18) , Qam2l and Ram6O (17) , inttsl 1511 (7), lntC226 (21), intts2001 and intts2004 (38) , intam29 (9, 22) , xisl and xls6 (9), Sam7 (23) . The phage deletion and/or substitution mutations used were: b538, deleting the phage attachment site (24) ; b522, deleting the int and xis genes but not the phage recombination genes (24) ; gal8, carrying the bacterial gal operon and the left prophage attachment site ba' (25) ; blo7-20, carrying the bacterial blo operon and the right prophage attachment site ab' (26); gal8bio7-20, carrying both the gal and bNo genes and the bacterial attachment site bb' (1, 2, 10 and Fig. 1 ).
Preparation of Phage [32P]DNA. 32P-labeled phage DNAs were prepared as described previously (27, 28) . In brief, cells were grown in 100 ml of low-phosphate medium to a density of 5 X 108 cells per ml, concentrated by centrifugation, and infected with phage carrying the appropriate attachment site and the lysis-defective mutation Sam7 at a multiplicity of 5 phage/cell. After a 15 min adsorption period, the infected cells were poured into fresh low-phosphate medium containing 5 ACi/ml of 32P-labeled inorganic phosphate. The cells were shaken at 370 for 3 hr and then collected by centrifugation and resuspended in 10 ml of 10 mM Tris-HCI, pH 7.2/10 mM MgCl2. The cells were lysed with chloroform, the debris was removed by centrifugation, and the supernatant fraction containing the phage was centrifuged to equilibrium in a CsCl density gradient. The phage band was removed with a syringe and the phage were again centrifuged to equilibrium in CsCl. The phage DNA was extracted by four treatments with redistilled phenol, and the phenol was removed with ether. The DNA was then dialyzed extensively into 10 mM Tris-HCl, pH 7.2/0.1 mM EDTA.
DNA-Binding Assay. The details of the DNA-binding assay used for Int protein have been described previously (27) (28) (29) . The assay measures the retention of 32P-labeled DNA to nitrocellulose filters (B-6, Schleicher and Schuell). The assay mixture contains an excess of unlabeled "chicken blood" DNA (Calbiochem), which competes with the labeled phage DNA for proteins with nonspecific DNA-binding activity (30 was for 30 min at 300. The culture was then chilled, and the cells were collected by centrifugation, resuspended in 11 ml of 50 mM Tris-HCl, pH 7.2/10% sucrose, and quickly frozen in a dry ice/alcohol bath. The frozen cells were thawed in a 200 water bath and then cooled to 0°. For cell lysis, 1.1 ml of a solution containing 250 mM Tris-HCl, pH 7.2/0.1 mM EDTA, and lysozyme at 2.Mg/ml was added, and the mixture was brought to 0.4 M KCl. Subsequent to the experiments reported here, we have found that bringing the lysis mixture to 1.0 M KC1 improves the yield of binding activity. After 40 min with occasional swirling, the lysate was warmed to 320 and 15 ,gg of DNase I was added. After 3-5 min the mixture was cooled to 00 for an additional 15 min. Cellular debris and ribosomes were removed by centrifugation for 3 hr at 30,000 rpm in a Spinco The DNA-binding activity specific for DNA containing the attachment site for integrative recombination eluted between 0.8 and 1.0 M KC1. The active fractions were pooled and purified further by velocity sedimentation in a 10 to 30% (vol/vol) glycerol gradient (0.2 ml/tube). Centrifugation was carried out for 24 hr at 4°in a Spinco SW 50.1 rotor at 50,000 rpm. The gradient tubes were pierced at the bottom and 10 drop fractions were collected and assayed for DNA-binding activity. Marker proteins of known molecular weight were run in parallel.
RESULTS
Identification of Int Protein. When extracts of cells infected by wild-type phage were fractionated by chromatography on a phosphocellulose column, a peak of DNA-binding activity eluted between 0.8 and 1.0 M KC1 (Fig. 2) . If the phage carried a nonsense mutation in the int gene, this peak of DNA-binding activity was not found after infection of a nonpermissive (Su-) host (Fig. 2) , but was present after infection of a permissive (Su+) host (data not shown). The same very low level of "background" binding activity shown for the nonsense mutation in Fig. 2 was observed in other control experiments with an int-deletion (b522) or uninfected cells.
To provide additional evidence that the DNA-binding activity was associated with Int protein, the thermosensitivity of the binding interaction was studied for extracts of cells infected with phage carrying the temperature-sensitive mutations inttsl (7) , intts2001, or intts2004 (38) . After phosphocellulose chromatography, the DNA-binding activity showed thermolability for all three mutants, compared to the activity found after int + infection (Table 1) . From the results presented in Fig. 2 and Table 1 , we conclude that the DNA-binding activity that we are studying is specified (at least in part) by the tnt gene. In the following sections, we will term the DNA-binding activity Int protein, although we have not shown that the product of the int gene is the sole protein species participating in the binding interaction (this seems highly likely from the molecular weight estimate described below).
Regulation of Int Protein Production by the Phage cII/ cMII Gene Products. When extracts were prepared after infection by phage carrying mutations in the cII and cIII regulatory genes known to control the establishment of repression (29, (31) (32) (33) , the DNA-binding activity associated with Int protein was not found (Fig. 3) . This result is consistent with other experiments showing that active cII and cMII genes are required for the production of a radioactive protein identified as Int after fractionation of labeled proteins by polyacrylamide gel electrophoresis in sodium dodecyl sulfate (34, 35) . We conclude that the clI/cIII proteins of phage X exert positive regulation on the int gene, in addition to their previously defined regulatory activities on the cI gene and late lytic functions (29, 32, 33) .
Sedimentation Properties of Int Protein. To obtain an estimate of the native molecular weight of Int protein, the phosphocellulose fraction was subjected to velocity sedimentation in a glycerol gradient. A single peak of DNA-binding activity was observed (Fig. 4) ; this activity could be associated with Int protein because of the binding specificity for DNA carrying the appropriate attachment site for integrative recombination (see next section). If the Int protein were a typical globular protein, its sedimentation with respect to proteins of known molecular weight would indicate a molecular weight of about 25,000. This is less than the apparent monomer molecular weight of 36-42,000 estimated from acrylamide gel electrophoresis of radioactive X proteins in sodium dodecyl sulfate (13, 14, 22, 34, 35) . Although several possibilities exist, we believe the most likely explanation is that native Int protein is a monomer with an asymmetric shape.
Binding Specificity of Int Protein. There are four different attachment sites with which the Int and Xis proteins must interact: attP (phage aa'), attB (host bb'), attL (prophage ba'), and attR (prophage ab') (see introduction and Fig. 1) . We have studied the binding of Int protein to DNA carrying each of these four attachment sites and to DNA with a deletion of the attachment site or a different attachment site (for phage 80) (Fig.  5) . The data presented in Fig. 5A show that the binding is specific for an appropriate attachment site. From this, we conclude that the sequence-specific DNA recognition essential for integrative recombination derives from the binding specificity of Int protein.
The data presented in Fig. 5B show that Int protein also exhibits binding specificity for the host attachment site attB and the left prophage attachment site attL, but binds poorly to the right prophage attachment site attR. These results indicate that the inability of Int protein to catalyze excisive recombination 1514 Biochemistry: Kotewicz et al. (attL X attR) in the absence of Xis may in binding capacity (see Discussion).
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